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THE LASL BISWTH SULFATETH.ER!!OCH.E!IICALHIT)ROGENCYCLE

K. E. Cox, k’, M. Jones and C. L. Peterson

University of California, Los Alamos Scientific Laboratory
Los Alamos, New tlexico 87545 USA

ABSTRACT

The LASL bismuth sulfate cycle is one of a generic class of solid sulfate cycles in
which a metal sulfate is substituted for sulfuric acid in a hybrid (partly elec-
trochemical) cycle. This technique avoids the serious materials and heat penalty
problems associated with the handing of concentrated acid solutions, and if thr
electrolyze+r is operat~d ii? acid concentrations >elow 50% it may, in principle,
lead to a lower cell voltage with subsequent energy savings.

Experiment verification of all steps in the cyclr has L)een obtained, particularly
for the decomposition of normal bismuth sulfate and lower bismuth oxysulfat,’s,
For the suhstancp, I!i2C)3.2S03, an endothermic requirem~nt of 172 kJ/mol was clb-
tainpd, which is considcrall]y IF*S than thiit fur othrr metal sulfate systems, A
rotary kiln was uspci for continuous experiments and our resu!ts show decomposition
of this compound to Bi2C)3,S03 in und~)r 8 minutes residenrc time at 1023 K,

Prelimirrry analysis 0! the cycle’s e.]rrgy balance shows an overbll Lhrrmal ~f-
fici~ncy of greater than 50~ when the maximu,n cyclp reaction tempcrdturr is 1500
K, The cycle has potential for hydrogrn production wh~n coupled with an energy
source such as solar or fusion energy.

KEYWORDS

Hydrogen, th~rmochrmica] cycle, bismuth suliotr, hyhrid cycle, efficiency, hy-
drogrn production t~rhnnlt,Ry, solar ~ner8y, fusion.

INTROI)UCTION

Thermoc,,,*mical cyclPs for hydroRen production hav~ been investigat~d at the Los
Alamns Sc Itifir Lahorat~ry (LASL) since the early 1970’s, These studies h~vr
consisted ●xperimental and rngine~rinR r~s~arch to dcfin~ practic~l cycles that
can be coupled with hi~h-temprralure h~at Bourcrs for Water-splittir,g to produtr
hydrogen and oxyg?n, In particular, th~ hiR1l-temprratur~ ●rrgy soIIrcrs tiurvryptl
wrre fufiion and ~olar thermal •ncr~y,



Sponsorship of these programs has been obtained from the Department of Energy’s
(DOE) Divisions of Energy Storage Systems and Basic Energy Sciences. In rerent
❑on~hs, our efforts have concentrated on the development of a hybrid (partly
electrochemical) c~’cle that involves the decomposition of a solid sulfate as the
high temperature step. Bismuth sulfate was the chosen sulfate for technical rea-
sons which arr detailed in a later section.

This paper address?s the rationale for introducing
cycle, specific:; of the LASL cycle including the
bismuth sulfate in a rotary kiln, and comments on
cycle’s adaptahl] it+ to fusion and solar energy.

solids into 2 thermochemical
continuous decomposition of

the cycle efficiency and thr

Drvelo~ment of C~clcs Basrd on Solid Sulfate Decqosition— . ..—.. .. . . . —--- ..——— —— —.-— ——

At present there art over thirty thermoch~mical cycles under differing degrees of
research and developllent in laboratories around the world. Of these cycles, thrc’e
have been selected Tor exten:;ive development including tht= construction and op-
eration of “closed-loop’” demonstrator models that are capable of producing hydrog-
en continuously at 100 l/h rate. These three cycles and their developers arc:

o The hybrid ~ulfur cycle (Westinghouse) (Parker, 1979)
o The sulfur-iodine cycle (General Atomic) (Besenbruch, 1979)
o The Mark 1: cycle, a sulfur-bromin~ cycle, (Joint Research Center,

Ispra) (van l’elzen, 1979)

Criteria used in the selection of these cycles include the use of an all-liquid or
gas system, a maximum c~’cle temperature in the 1100 K range, and in two cases, thr
hybrid cyclr and the Is~ra Mark 13 cycle, the use of an electrochemical step for
the low temperature hydrogen-producing reaction, All these cycles includr eva-
poration of aqueous sulfuric acid solution, decomposition of sulfuric acid to
water and sulfur trloxidi~ followed by drr.opposition of sulfur trloxidc to si,lfur
dioxidr and oxygvn as comIIon st~ps,

,–
Th~ high-ternperaturr step involving the handling and treatment of sulfuric acid
and ! ts comp(}nents leads to severe materials problems in the area of corrosiofl
which will req~ir~ expensike muterials of construction for resolution,

A possible means of rwerconing thr problems alli~d with the handling and decom-
position of sulfuric acid \ies in the introduction of a mett] sulfate into thr
cycle (t)owman, 1974). Thi~: step is accomplished by cont~cting sulfuric acid
produced by the low-tcmperattre reaction with the appropriate metal oxide or mrlol
oxysulfatr to produce Lhe detired sulfatr species, D~composition of the sulfatr
material then bypascrs the :orrosion problems associated with boiling sulfuri(
acid, Howevrr, containment clf sulfur trioxide, sulfur dioxide and oxygen in thr
S03 reduction reactor at high temperature still remains.

It has been suggested (Bowman 1978) and th?r~ ic now dir~ct ●violence (Rrmick and
Fob, 1979; Parker, 1980) to ]ndi~atr a r~duttion iII el~ctrolyzer voltngv if thr
electrolyzer (for S02 oxidation) is at acid ronc~ntrations lower than 50 wt%,
i.e., 10-30 Wt%. At these c(ncmtrations, some metal sulfates arr precipitated
from their r~spectiv~ oxides or oxysulfates.

The major trmd?-ctff of this t~c,~niquf of introduc~n~ nolid ap~cies into a prwious
all-liquid or RnH cycle is so,lids handlin~. Associated with this problem in u
drying problem, Typically, if the sulfate particle~ are mall, ●cid solution iN
r~tained within thr void spnrc brtwren thr parti($lc~. Thrrmnl ?nrrgy must IMI
applird to dry thr ~olidti and an effort must !m mado LO rrcovrr thr latrlit hcnt ol



the vapor, perhaps by recompression. (The authors have termed this the “laundry”
problem for cbvious reasons).

Other advantages and disadvanta~es of thp solid sulfate substitution step are
listed in Table 1

TABLE 1 Advantages & Disadvantages cf Cycles Involvir.g Solid Sulfates—--. . ..—— ._ ..— —.—.—,—— ..- . . .. .-..——...—-

Advantages

o Isoth~rmal high-temperature operation possible -
better thermod>llamic match ‘with fusion and solar
energy sources

o l’fetal sulfates arr less corrosivf’ Lhiirl sul!~ric acid,
materials selection easier

o Avoid heat penalties associated with the acid concrn-
tratiun step

c1 Lover operating voltage in hybrid cycles du~ to lower
acid concentration in cell

~isad~’dnta~s

o

()

o

0

Solids handling

- Solids in pressurizrf! syzterns

- Hrat transfer to/from SU1lIIS

- Su]fatp/hyrfrogerl F.3SS ra?ic, may hc hig}l

DetompoSiticn of sulfat~ mdy t-w slow as z result of
kin~’tic or mi:~s transfer limitation:,

Suif:~es nerd drying LO rpmovr oc(ludpd watrr, and writers of

in hyhrid cyci~s

CHOI(’Z CF METAL

Thr bismuth sulfate svstcm
on thr basis of the critrria li~trd bPlow. In ~1’nrr~l, a;i “idral” sulfat~ ihould
possess the following r.h:lracterislirx:

o LOWmdothrrmir brat of drromposit ioil
o Low or negliRihle soluhility in acid solut~on
o Few or no wafers of hydration plesent
c1 ThP drrompos~d mfitrrial (oxid~’ or oxypulfatp) should

ra~ily rorllhine wi[h arid to form thr *tilrtinK mntrrial
() Low water rrtention for dryinR purposr~
n Rnpfd d~rompositjon kinptic~ at mndrratr ternprrntllrrs
() Avnilabil~ty at low or modrriatr rest



In general the bismuth sulfate system selected fills many of the above criteria.
Alternative sulfates have been selected by other wcjrkers in the iield. Krikorlan
(1979) has suggested the use of zinc sulfate while Remick and Foh f1979J have
chosen copper sulfate.

Table 2 is a compilation of the endothermic heats of reaftion for sev~ral sulfate
decompositions to form S02 and 02. (Bowman, 1979) Clearly the bismuth sulfate
system sotisfies the first criterion decomposing at a relatively 10K temprraturt.
at around 1023 K. In addition bismuth sulfdtc is relatively insGluble, and normal
bismuth sulfate, Bi203.3S03 is anhydrnus. All alternativ~ bismuth system based o[i
bismuth oxysulfate, Bi203.2SOa has three waters of hydration. Both the zinf and
copper sulfate systems form hydrates readily through some waters of hydratiorl ma!
be removed by raising tht= temperature of the acid solution. A final water of
hydration does remain attached and must be removed ~lric~r to decomposition.

Favoring the bismuth sulfate system are low volubility, rapid reaction with sul-
furic acid to obtain th~ de~ired slllfa~~ or oxysulfatr compound and fast de-
composition at moderately high temperatures (ca, 1023 K). The water re~efllioll

problem (approx. 10 moles of water are retained in the precipitate after filtra-
tion or centrifugation) needs further study for its resolution. Bismuth compounds
are moderately ●xpensive, (ea. $ 65/kg for reagent grade bismuth trioxide, BizOG),
however this cost is included in planL inventory rather than in operating costs as
recovery of all intermadiatr cGmpc)ulMjs in a thermochemical cycle is assumed.

In sum, it appears that th~ bismuth sulfate syst~m is the logical choicr as a
solid sulfate alternative to sulfuric acid in thermochemical cycles.

TM LASL B]S~!TH SULFATt; CYCLE

A refer~ncc bismuth cyrlc has alre~dy bl’rll d~finrd (Bowman, 1374; C(JX, 197Y) ~il)(l
it may br useful to review th~ chemistry of this cycle as an aid tow~rds ur)dvr-
standing the present v[’rsion ui’ the ryrlr. Thr rcferrncr cycld consists of th(’
following steps:’

2H20 (1) + S02(g) = HiS04(aq) +
H2S04(aq) + 1/3 Bi20a(s) = l/3B,
l/3Bi203.3S03(s) = l/3Bi20a(l) c
Sea(g) = so~(g) + l/2u2(g)

Hz(g) Elcr. 35C K [1]
20~.3S()~(S) + H2C! (]) 350 K 12]

S03(g) 900-1200 R [::1
900-1500 K [4]

This cycle was originally devised as an alternative to cyrles employing sullurit”
acid ●nd was usied i; a system study (Kriikowski, 1979) :.h~lt-explore~ the conre]’t of”
linking a fusion device to a thermoch~mical CYCIP for svnf~~l (hydrcgelll pro-
duction, A cycle temperature of 1500 K was used a!; t.htlh~~htist t~mp~raturp cii]J-
●ble of thermal delivery fron, th~ fusion blunket compatiljle with known mtitrri(lls.
From the cycle’s viwpoint, this temprraturr allows a highrr degrre of de-
composition of the S03 gas in reaction [41 with Lhf’ overall ●ffect of raising thr
cycle’s efficiency, Oprration at a lower temp~rature more in keeping with tem-
p~rature available from fi~sion or solar thermal energy sources resultti in a lower
yirld for reaction 14] and a s]ightly lower valu~ of Cht’ cycle effici~nry,

In the reference cycle, the pr~r’ipitatrd bismuth ,,u] fate is normal bism~th sul-
fate, Bi203.3S~3 Or Bi2(S!)4)3,

Thr elrl’trorhemiral oxidtil ion of sulfur dioxid~ in wntrr to produce hydrogcfl is
thr first step in this hybrid cyrlr. This r~artion wns fir~t invvstigntr!! by
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TABLE 2 Sulfate Decomposition Data— .—-———.-——

Reaction AH~g~(kJ)a—. —.. .—-—

BaS04 ❑ BaU + S02 + 1/202 585

CaS04 = CaO + SO~ + 1/20~ 510

Hgsoq = tfgG + S02 + l/20~ 380

ZnS04 = ZnO + SOL + 1/202 334

Cusoq = Cuf, + s:)~ + l/20~ 318

HZS04(1) = H2f)(g) + S02 + 1/202 27S

Bi202.2S03 = Bi203.Sfl: + SOZ + 1/202 270

T (K)

2025b

1867h

1329b

1216b

11181’

—..-—. ..—.. -.—..—. — .... —.. .-—- .— —

(Bowman, 1979).
:: T calculated from Nl~9R/AS#9k.

SU~ is 80% decomposed at 1125 K.
:: Experimental ddta, this paper.

Bowman and Onstott (1974) at LASL. Subsequently, work on this reaction is
still being performed at sevrra] laboratories as it is a key step in ttle cycle.
A major consideration in this and other hybrid cycles is the reduction of cell
voltage in the elertrolyzer. Currr t ~o~ls are to achieve a voltage 01 less than
600 m\’ at a current density of 2000 l\/m In 50 wt% sulfuric acid.

The reference version of thr LASL bismuth sulfatr cycle was shelved for a numhrr
of technical ~easol;s, among which were the form~tiou of a Iiquld bismuth
(tri-)oxide phast’ in *he bismuLh sulfate drcomposer and electrolyzer op~r-
ation at high ijc]d concentration,

Cytle Variants— -

Variations in the refcrenrr bismuth sulfate cycle are possible because normal bis-
muth sulfate decomposes to a serie~ of intermediate bismuth oxysulfates of lowcr-
inR S03 content before reaching bismuth oxide, Bi2C)n, TIIe steps lnvolv~d in thr
decomposition serit=s arr illustrated in Fig. 1 whlrh also indicatl’s the tem]~erii-
tures at which the drrompositions take plarr. Also illustrated in Fig. 1 are thr
acid ron(entrations in equilihr.ium with thr various species, Normill bismuth sul-
fate is stable in sulfurii acid solutions above 52,7 wt% (Urazov, 1958).

The apparently reliable work of Urazov (1958) also indicatrs that anhydrous
Bi203,2SC3 (or Bi20(S0412) is ttm stablr phase in contact with H2S04 solutions
from 3 wt% to 52.7 wt%. Other work, deemed less reliable, has indicated thll
presence of hydrates. R~cent work at tiSL has shown that the trihydrat~ is
form,’d in 1-3 H H2SC)4. The trihydrate decomposes to a monohydrate at highrr
t~mperaturps and e’wntually io tho anhydrous comi~ound, It may be possih](’ to
form the monohydr~tr by car)ving ollt thr r(’il~tic)ll with sulfuric arid at Suf-

ficiently high tempr’ratures.



The major purpose
cycles by cycling
position chain as
of H2 produced.

ef Fig 1 is to illustrate the concept that one can devise
hack and forth between two intermediate species in the decom-
]ong as the net result, is the removal of 1 mol of SC)3 per mol

so,(c) SOJ(C) so,(c) so,(c)

8110,”3s0,{s)L Biz03. 2SOJ(S) L Bi~O\’$O,tS) L Bi*oj(2/3)so#)L BitO,[L)

1, I i

%,owL%I$SO,(AO)

ALTERNATIVE2

*34 m% H$’04(Ao)

ALTERNATIVE1

>5L7U’t.%H2s04(Ac)

REFEREHCE

Fig. 1, Bismuth Sulfate Decomposition Alternatives.

An improved bismuth sulfate cycle would operate between the compounds, Bi203.2S03
and B1203,SCJ3 (Bi202S04). No liquids would be produced in the solids decomposi-
tion re&cLor, and low sll.furic acid concentrations giving lower values for thr
electrolyer cell voltage rnuld thus be employed. As trade-offs, the BizO~.2SO:;
material produced as a p“i~clpitate would contain three waters of hydration, and
more mass would haye to be prccessed per mol of S03.

.

The presenL v?rs]r~n of the LASL bismuth sulfate cycle follows:

2H20(I) + SL;:(g) = H2SJ4(aq) + H2(g) Elec. 350 K [1]
Bi203,SO:l(s) + H2S04(oq) = Bi203.2S03(s) + HzO(g) 350 K [5]
Bi203,2SO~(s) = Bi2Ga.S03(s) + S03(g) i100-1200 K [6]
so3(g) = SoZ(g) + l/202(g) 1200+K 14]

The imprnved cycle is showfi in schematic form in Fig. 2,data shows t.lat the entholpy
change for rrac~ion [6] abov~ is only 172 kJ/mol 503 released. in contrast, Lhp
heat required for the complete transformation of normal bismuth sulfate to bismuth
oxide requir~s 7&6 kJ/mol (Barin, 1977) or 262 kJ/mol S03 liberatrd.

Another alternative cycle shown in Fig. 1 could lnvolvr the drcomimsitio[l of
Bi203.2S03 tc the compound Bi203,0,7S03,

Cycle Exprirnental Verification.... . . ... . . . . - . . . ... .

‘1’he exp~rimental evidence for th~ brats )f d~romposition in the bismuth sulfiitl’
system were obtained by Jones at LASL:

BizOn13SOs(s) = Bi203,2S03(s) + buo(gj [?!
and, Bi2G3.2SOa(s) = Bi~~)~,SOs(s) + SO~(g) [i)l



The experi~ents were done in an isothermal batch apparatus and static gas
pressures were obtained as a function of temperature. SLr~ight line plots of
log P(S03) vs. )/T(K) gave a value of 161 kJ/mol for decomposition [7] and
172 kJ/mol for decomposition [6] respectively. These datl and the experimen~al
plots are shown in Fig. 3.

Kinetic data for the decompositions were ob~ained hy dropping a holder contain-
ing a small sample (0.25 g) of Bi203.3S03 into a preheated furnace held at a set
temperature. Measurements showed that the sample came ta temperature equilibrium
with the furnace temperature within 2 minutes, The S03 evolution rate is plotted
as a function of time for runs at three different temperatures in Fig. 4, Less
than two minutes time were required for the decomposition of Bi203.3SC13 to Bi203,S03
at 1243 K. Less time (roughly half) is estimated for decomposition [6] dbove,

These results .ndicate that the reaction rate for the decomposition of bismuth sul-
fate or oxysulfate is determined by temperature-dependent kinetics rather than by
heat transfer effects. In large industrial reactors, however, heat transfer- to
the solid particles will play a-n important role and ~his must “be included
design,
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in the

SOLIDS DECOMPOSITIONFACILITY

A so~ids hendling facility was set up to demonstrate
of the sulfate d~composition reaction in a continuous
that recycled (decomposed) solids could be used over
initial scheme test~d involved the uar of a fluidized

Fig, 2, The LASL !lismuth Sulfate Cycle - Scknatic Diagram.

the t~chnical feasibility
or flow mode and to sho~’
again in the cycle. Thr
bed solidfi/gas contacting

sch~m~, The tests wrre run in a batch mode with an inert 811S, ni[rogrn, as the
fluidizing wdium. Attempts at fluidizing the sulfate particles made by our first
prepa~a! ion were unsuccessful. Exa,nination of the morphology of these particleti
untlcr an optical microscope (and later by !icanninq Electron Microscopy, SEN)
showd thl.,~, to be highly acirular with afip~rt ratios varying from 7-10. 011 in-
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3: Decomposltlon Pressures for Bi203.3S03 and B1203.2S03

production of the fluidizing gas, the bed of particles would tumble and the par-
ticles would roll into larger spherical masses or “pills.” The sulfate parLicles

appeared to interlock rather than behave as individual elements. As a result of
this behavior, the fluidization experiments were shelved in favor of a more gen-
●ral solids decomposition scheme practiced widely in industry for processes such
as roasting, calcination, etc. This scheme uses a rotary kiln as the solids hand-
ling device.

Rotary Kiln.—— —..—

.5 m in
of the
Teflon

A bench-scale rotary kiln was constructed from a 25 nun dia. quartz tube 1
length. The overall kiln is shown in Fig, 5. At the head or “feed” ●nd
kiln, the quartz tube was fitted into a screw feeder made by inserting a
screw in a tapered Teflon plug, A more detailed view of the “feeder” arrangement
can be seen in Fig, 6, A Ver-shaped hopper was used for feed material storage,
and the whole device was attached to the top of a vibratory device to aid in
moving the solid particles, A key feature in the design of the plug was to allow
rotary notio~l of the kiln and yet provide a gas seal. The seal was important as
we wished to recover the gases evolved from the decomposing solids (sulfur tri-
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oxide) as well as provide a controlled atmosphere inside the kiln and keep mois-
ture out. The Tefion plug was fitted to a s~andard taper-joint on the end-of the
quartz tube.

A tubular furnace enclosed the center portion of the kiln tube. This enclosed
length, 33 cm in length was the working kiln, The furnace temperature could be
set to a desired temperature for a decomposition run. Passage of material through
the heated kiln can be seen in Fig. 7. In this figure, the uppei portion of the
furnace has been momentarily raised to show the sulfate particles passing down-
wards through the quartz tube section. The downstream or collection end of the
kiln apparatus is shown in Fig, 8. A flask-shaped device added to the end of the
tube performed this function, Two glass vials 180 degrees apart were the sample
removal ports for the decomposed product. An electric motor geared through a
drive mechanism rotated the kiln by a chain-sprocket attached to the quartz tube.
The speed of kiln rotation could be varied by this arrangem~nt. The whole mech-
anism was mounted on a metal chassis that could be lowered or raised by means of
elevating screws at the “feed” end of the kiln, This allowed for variable slop~.
Not shown in Fig. 8 is a small rotary seal fitted to the downstream eud of the
tube that allowed for the introduction of an inert gas to sweep atiay the gaseous
decompositiwi products. A gas absorber tube filled with Ascarite was sometimes
used to collect the sulfur trioxide formed, on other occasions this gas was
vented to the fume hood enclosing the entire bench-scale kiln.

Feed Preparation. —...

Prior to running experiments in the kiln, it was ncesssary to define a procedure
that would provide a uniform feed material - both as regards feed composition and
morphology (particle ~hape and size), The starting bismuth sulfate was initially
prepared from bismuth trioxide reagent gr,’de chemical, as recycle (decomposed sul-
fate) was unavailable. Two differing methods were used in the preparation of the



Fig. 5. Rotary Kiln for !3ismuth Sulfate McomDosition.

feed sulfate.

Preparation Method 1

In this preparation, bismuLh oxide reagent was slowly added to a stirred sulfuric
acid solution of known concentration to yield a given weight of product as well as
a final acid concentration. The precipitated sulfate was filtered, washed to
remove acid, and dried overnight at 623 K (350 C). This method proauced the
acicular shaped particles used in the initial fluidization experiments, These
were needle-like and had the approximate dimensions, < 1 p dia. by 5-10 p long
when undigested as determined by SEM photomicrographs. Water retention by this
material was large and in excess of 10 mols of water/mol of sulfate due to the
high void volume present. This method of preparz+ion produced a mate:”ial with a
stoichiomctric form~’la close to Bi203,2S03, The particles, in addition to not
being easy to fluidize, also prove very difficult to feed in the screw feeder,
Packing of the particles caused bridging and pluR-up of the feeder even with the
use of the vibratory shaker. In fact, the vibratory motion sometimes made matters
worse in further compacting the particles. It was therefore necessary to devise a
new method of feed preparation to alleviate this problem.

Pre~aration Method 2.-. -—— ——. . .—

This method of preparation successfully resolved the above difficulties. It
consists of adding sulfuric acid of known strength to an a%~eous slurry of bismuth
oxide particles, the slurry was kept at close to the boiling point of the liquid
(363-373 K) and a period of digestion (stirring) was allowed for particle growth
to occur. Results of the second preparation method are seen in Table 3. High
bismuth sulfate yields were obtained in all cases weil within the experimental



Fig. 6. Solids Feeder for R~tar.y Kiln,

error of the experiments. The rise in stoichiometric product composition is duF
to a further processing change betw~en the two preparation methods. As washing
would not he an integral feature of the final process flowsheet, drying of the vet
filter cake was performed without the latter operatien. On drying, the acid
prcbent in the occluded liquid concentrates and further reacts with the origin~lly
precipitated Bi203.2.S03 to give a mixture of this material a:ld sorre Bi~@~.3SI):+
represented by the product compositions shown in Table 3. Bulk densi:y tests were
also carried o(it to help characterize the feral material. Thr hi~her the hulk
density of the sample, the lower the void fraction indicatin~ that the partirlrs
in the sample possess a more uniform shape. The tap density valutl reflects Lhr
density of the particles after 5000 taps. lt is another indication of the par-
ticles’ morphology, The major disadvantage noted in these preparation runs was
:he amount of liquid retained (occluded solution by the product which approximated
10 mols of wat.~r per mol of dry product, All material prepared by the second
method proved easy to feed.

The key variables affecting the operation of a kiln in which solid species undergo
decomposition are:



RUE

Initial Acid
Con(. (M)

Final Acid
Cone. (M]

Digestion Timr (h)

Digestion Timr (C)

Sulfatr Com-
position]

Yield (%)

HoI. H20/MrJl.
Product-~’

Bulk Density (g/cm3)

Tap Drrlsity (g/cm3)

~..... ..—._._

In filter cake

TABLE 3. Prcparatibn of Eismut}l ox\’sl,]fd[f”
}’Ff”d (!l(-Lhf,d 2)

A.—-

4.0

2.59

1.5

8]

Bi20:,.2 ]6S03

97.7

9.75

1.03

1,90

B c IJ

4.0 4.() 4,(J

1,84 2.57 2.59

1 1 1

96 9-I 97

f3i2fJ:,.2.]4SfJ3Bi2(J,3.2.45SOH hi2~J:,,.2,(J:S’:,

98.6 97,9 97.5

9,24 13.1 !).LIPl

1.00 1.29 l.lr)

~ 1.58 1.99 1.78

—.-. ..— ... .. . —.-

0 s(J]ldS rF’Sld(’llCP LIIIW - a funclic)n of :

. kiln le!l~ltl and cfiamrtrr
kiln rotation spPed
kill) S1O])V

o Kiln oyerating temp~raturr. An empirical equation linking L!le rrsidrncr lim[’
to the’major dependent vtir]q~ilis is given by (Perry, 1977):

0= om]I_IL. , ~h~re, e = timr of passagr in kiln (mill)
“’NWI L= kiln length (m)

N= rotational spcecf, (rpn)
s= slope of kiln (m/m)
1) = kiln diamrter (m)

The time of passagc for the particles ran aiso be rou~h]y ascrrlainrd by ~’isll;ll
observation of a “front” of particles as 11 pitsses ovt’r a giv~ll dista::cl’, ‘]”{,
date, we have seIt the !:iln temj)rraturc at a constant 1023 K (750 C) as wrll as tlllI
kiln diam~t~r (25 mm) and lmgth (33 cm). Thr major variables therefore affr(till~
the solids rrsidenre t.imr are the kil[]’s pilch and rotational spped.

Table 4 shows preliminary rcs~lts on LIIP killl’~ oprr~tion th;lt inr!irtit~ rlosII
correlation with th(, prrvious]y m~ntion~rf batch deconq,osition rrsu]ts, ‘ml’ d(’ -
coml}ositio~] is fairly l’apirl and rcsidvnrp timrs of’ 8 miliut[’s at 102:1 K Rivr tllf’
drsir~d resul t., i.e. , a rnol of X)~/prr mol of ~nlerin~ f’rrtl sulfiit(’,





Tahl~ 4. hcompf)sitif~n of Bismu!.}i Oxysulfiite in a R(,t.lr}Kiln—-.-..—-- —.— .—.- . . . . . .. .

Feed Product Prep. R~siclerlce
Run @osltic)n ~qosition tkthtid T (K)——. .--—— Timr (rein).—— — ——

1 Bi203. 1 .90S03 Bi203.f).72S03 1 lc23 20
2 llizC12.219t3SOa Biz03.1.92SO~ 2 1023 8
3 Bi20:l,2.07S03 Bi203.1,07SOJ 2 1023 8
4 Bi203.2.14S03 Bi~Oa.l,55Sb~ 2 1023 3
5 Ri202.2.16S03 Bi20q.1.64S03 2 1023 2.5

II run 5, decreasing Lhc residence timr to 2.5 min. brought about th~ rr’1~’,ist (Ii
only 0,52 mols of S03 per mol rJf enterir)g feed which corlesponrfs to rougl,ii ‘)(;’,, (II
the desired conversion a~ 1023 K.

BIS!IL’THSUL~4TE !10RPHOLCM3Y

A ~t[]dy of thp morphology of thr partic]es formed in the two methods of ])r(,ll,lr,,-
tion and after ~assagr through the kiln has be~n initiated. Samples of Lh[j t!is-
mu:.h oxysulfatu preparations were viewed on the SEH and ph~tomicrograptls of rel~rr-
sentative particles were taken, Material prepared by the first method is show!] ill
Fig, 9. These particles hav~ acicular shapes and dimerlsions corresponding to 1 p
dia. by 5-lG p long. The d~cornposed material from this preparation is also sf”r.11
in Fig 9 and appears to hav(, the samr overall dimensions as before, howf’i~[’) tll~,
particles are roulldwl off, Sorer of the decomposed particulate materitil iil)llt,l] lo
hav~ been sintered indicating L1](I possihi]ity of thr liquid phase of Bi2(l:,, 1](’ill~
present during the decomposition prort’ss.

Ilaterial prrpared try the* second method is shown in Fig, 10 togethrr with its dr-
coruposrrl countrrparl, Thr feed material is much less acicular !.ha[l malcrl,l] ]~rt’-
pared by thv first method (Fig, 9), These parliclcs aru nc) lougt’r needlr-llk~’ IJII1
much more unJ!ormly Sized. Th~ derom]wserf materia] is similtir in stlii]~(, illlfl SIX(’
10 the startin~ material.

We conclude thai the decompositic)n process does littl~ to destroy that mor]lhtll(lgy
of thr ~tarting material fed to the kiln, Later work will be done ti) rff’t(’rnlill(’
the morphology of the recycle oxysulf”atc partirles madt~ by contacting tlIr dPCOlII-
posed material with sulfuric acid,

PROCESS DESIGN
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Ener$y Eti+1311(zI and Efficiency Calrula Lifin..-. . . . .. ...— .-. -. —-. ..— . . ..-.

The energy halanc~ for thp C) CII.I will bc reviewed as it has a direct hearing on
th~l applicability of Lhp LASL rycle for fusion or solar high-temperature heat
sourcrsm

T}!(. cy(le energy h:ilancr is illustrated in
imrtions, a high-tcmprraturr portion and a
the high-temp[*riiLurr portion are haLteries

Iktt~r: Function.—-. .--—— - .-

Fig. 11. Thr cycle is split int(, two
low-temperature portion. inc!udecl in
that prrfoi-m the followlng functions:
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rig, 11, f)vwnll Fn~rgmy Falanc~ ~lagrw fnr th~ Lfl’LQlsmut$ ‘,ulfnteh,ycle,



use oi a vapor recompression devicr consuming a thermal equivalent of wc~rk ~qual
to 23 kJ, it is possible to recover 248 kJ of energy for a net usage of only
112 hJ. In this calculatiori, we assumed Lkat only 5 rrtils of water entered per
mol of solid.

Battery E is equivalent to the ro~ary ki]n in our recenl experiments. Jrl c}ur

process design, a novel “chcmlcal heat pipe” mechanism was used to trans!”;- heiiL
for the decomposition process. In battery C, SCJ3 is almost completely decomposed
to S02 and 02 at 1500 K, this gas mixture is passed over the bismuth solids held
at a lower temperature thus shifting the’ equilibrium of Lhe gases LO Pr(’(lu(ing
morti S02 and 02 releasing of thermal energy for the solids decomposition endo-
thermic demand. In this manner, heat transfer through a solid wall LO it par-
ticulate solid phase is avoided and only a gas wall brat exchanger, alklt’it a

high-temperature heat exchang~r, is required.

The low-temperature portion of the cycle is curnprlsed rlf batt~ries D, ~. anll ~.
S02 is separated from 02 by gas absorption in tJaLLery D, a stanllarff chf’mj~”’11
engineering technique practiscd in indusLry. Electrolysis is carried GUL ill
battery E under the following assumrd conditiclns:

Electrolyzer operating voltage: 450 mV
Current density: 2000 A/m*
Acid concentration: 15 Wt%
Temperature: 3}0 K
Pressure: 30 atm

The abo~e data reflecl oFtimum as regards the cell voltagr. An acid concentration
of 25 - 30 wt% ❑ay be better for rell operation as the arid resistance if less at
these concentrations. A param~tric analysis p(*rf’Ormr ith cell vo]Lagr as ii
major variable indicated a drop ill ryclc efficiency of l%, for each 20 ml’ rise in
cell voltagt=, Battery F consisLs of lhe slurry rearLors in which the detompusrll
solids are regenerated with fresh acid from thr el[’ctrolyzcrs, hatter-y E, 1’111S
rraction has a~l ●xothcrmic heat estimated at 38 kJ/mol btised on measurrd values 1y
Jon~Is at LASL IQr the formation of normi]l bismuth sulfatr from bismuth ox]de J1)(I
sul?urir acid,

The c:~cle’s ●fficiency wns computed from the valuus pl’esrnted in FiR, lt, Thr II(S1

heat requirement (hral plus thermal equivalent of all work illl}ut) wos 5[J~ k,]
giving an efficiency valur for the cycl~ of 28fJ/56:] = 0.50fJ (50.8%) und~r tt)r
conditions specified ill the pror~sri desiRrl, l%r{~t~ variah]es wrr~ rirlf’rt~d fur ;l
param~tlic analysis on Lhe ryrlp efficiel)cy. TllFsr variables w~rc: tllr cytl(’
elrctrolyzer volLaRr which hns alrrady brrn dis(.ussrrt, thr maximum ryr!’ trm-
p?ratllre, und the •ndo~t~~rmic t)~i]t requirom(’llt in th(’ high-trmpcrnturr portii~ll 01
the cyc],em The cffrct of maximum trm]wraturr is important i+s Lhis Lrmprralur(l
nf’ferLs the equi]ihrium yield in the S03 d~’rom]msitioll rquiliilriurn reartiol~, :111(1

thus Lhr composition 01 thp gas phase in baLlerirs H and C, Also a!frclpd is t.llr
rote of solids rirrul~t ion. Thr rndothormir hrnt requirvmunt is a]sn signilirnllt
aa It [Iirrrtly affects thr derlominatur in t,h[~ definition of thr rffiricncy,



CONCLUSIONS

~h~ LASL bismuth sulfate cycle appears to be the most promising choice from a

generic class of sulfate cycles that avoid the acid concentration step as well as
the acid vaporization step in the conventional sulfuric acid based cycles ur,der
intensive development, For high efficiency, the overall cycle temperature should
br high and the overall decomposition of the sulfate and subsequently sulfur
trioxide should match the thermal delivery characteristics of an isothermal heat
source surh as fusiorl or solar energy as the decomposition reactions proceed
isothermally. ]rl this regard, these cycles would not adapt well to the heat
delivery aspr(ts of a high-temperature gas reactor (HTGRJ as the latter resemble
th~t of a counter-current heat exchanger (non-isothermal), Crucial issues to be
res(J]vFd in tht” lahc,ratory and in the field still remain; Lhese include the dem-
onstration of a low-voltage e]ectrolyzer operating under production conditions,
thr I“Pi”(IV C]-)’ Of ]aLPnL heat from the solids drying operation, minimizing thr
amour;t of c)ccluded water held hy the solid sulfate precipiLatr, and lhr handllng
of ]argf qut~rltitlt=s of solids with attendanL heat exchange in a high-LemperJLure
derom]ws~r,

Thr promise of high efficiency for the utilization of high-temper~Lure process
heat LU drcom]losr ~aL~r for hydrouen prmlut-tion remains as the major driving f“orce
in this activity,
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